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In this work we show that a structure consisting of a network of bending beams can exhibit a negative
Poisson’s ratio. We have shown that the negative Poisson’s ratio behaviour is driven by the (bcc analo-
gous) type III beams, the type II (fcc like) beams result in a structure with a Poisson’s ratio of around zero
and type I (simple cubic conﬁguration) beams result in a Poisson’s ratio of nearly +1. The tensile and shear
strengths of the type III beams are augmented by addition of type II and type III beams. By tailoring the
relative stiffness of the component beams within the structure it is possible to design an auxetic truss
structure with speciﬁc Poisson’s ratio, tensile and shear moduli.
This validates the hypothesis that crystal structures can provide inspiration for macro structures with
tailored mechanical properties where the mechanism for negative Poisson’s ratio (auxetic) behaviour at
the atomic scale in cubic crystals is replicated by bending beams.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
In the last 20 years there has been a considerable interest in
auxetic media, from the nanoscale (Evans et al., 1991) to the cen-
timetre scale (Prall and Lakes, 1997). Auxetic materials present
the possibility of manufacturing structures and composites with
improved mechanical properties such as higher shear modulus or
greater indentation resistance (Evans and Alderson, 2000). Investi-
gation of naturally occurring auxetic behaviour may provide a
mechanism from which a novel auxetic structure can be
developed.
In this work we propose a novel truss structure with a negative
Poisson’s ratio, where the geometry is inspired by crystal struc-
tures, and investigate the effect of varying the component material
properties on the Poisson’s ratio, tensile modulus and shear mod-
ulus of the structures, and summarise these ﬁndings.2. Background
2.1. Auxetic crystals
Auxetic behaviour has been shown to exist in face centred cubic
(Milstein and Huang, 1979), body centred cubic (Baughman et al.,
1998), simple cubic (Jain and Verma, 1990) crystals and, in rare
cases, hexagonally-close packed crystals (Lubarda and Meyers,
1999) however, the mechanism behind these behaviours is still lit-ll rights reserved.
), a.s.h.marmier@ex.ac.uk (A.tle understood. Many of the studies into negative Poisson’s ratio
have used the elastic constants from experimental or molecular
dynamics simulations to compute the Poisson’s ratios for a range
of directions without explaining the underlying cause of negative
Poisson’s ratio behaviour. The behaviour of more complex crystals
such as zeolites (Lethbridge et al., 2006) and cristobalites
(Yeganeh-Haeri et al., 1992) has been investigated and the mecha-
nism for both negative Poisson’s ratio and negative thermal expan-
sion attributed to rotating squares (for example, Ishibashi and
Iwata, 2000; Evans and Alderson, 2002; Grima et al., 2005a), or
rotating polyhedra (Giddy et al., 1993) respectively.
Baughman et al. (1998) investigated 32 cubic elemental metals
and found 78% of face centred and 57% of body-centred crystals
exhibited auxetic behaviour, and all except lithium showed the
most negative value for m for loads in the [110] direction and
strains in the perpendicular ½1 10 direction. The underlying cause
for this behaviour and why some elements exhibit auxetic behav-
iour when similar elements do not is as yet unknown.2.2. Using FEA for atomistic modelling
Combined atomistic modelling and ﬁnite element techniques
have been successfully employed to model molecular structures,
crystals, and carbon nanotubes at the atomistic scale. Examples
of ﬁnite-element based crystal modelling include Tadmor et al.
(1999), who uses a quasi-continuum method to develop a ﬁnite
element formulation for modelling complex crystals based on tight
binding theory, Xiao-Ming et al. (2009), where a quasi-continuum
method for analysis of a single crystals of FCC Copper is developed
and Wei and Su (2006) who use the ﬁnite element method to
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the effect of grain size on material properties, a technique similar
to the quasi-continuum method of Miller and Tadmor (2002).
Wang et al. (2006) develop two types of element to model the
bond in solid polymers; chemical bond and Van der Waals ele-
ments in order to model the inter-atomic forces. Chemical bond
elements are used to model the polymer backbone of a vinyl-type
polymer that include both a bond stretch and a bond bending com-
ponent. The Van der Waals elements are modelled as a non-linear
spring that corresponds to a Leonard–Jones type potential.
The modelling of Carbon nanotubes using the ﬁnite element
method is a further example of how the methodology can be
adapted to model the atomic scale using truss networks. A method
that links computational chemistry and solid mechanics models
was developed for the analysis of Carbon nanotubes (Odegard
et al., 2002) to bridge the gap between the atomistic length scale
and the solid mechanics length scale. Odegard et al. developed a
method based on the energy of the structure to relate the structure
of graphene to both pin jointed truss and continuum models.
A frame like structural mechanics approach is used by Li and
Chou (2003) for the modelling of armchair and zigzag carbon nano-
tubes. Beams are assigned in place of chemical bonds, to relate the
sectional stiffness of the elements to the constants of the force
ﬁeld. Li and Chou ﬁnd the strain energy for axial force, pure bend-
ing and torsion using interatomic potentials, then relate these val-
ues to beams using a stiffness matrix method. A similar method is
used by Tserpes and Papanikos (2005) to model zigzag, armchair
and chiral nanotubes, however the ﬁnite element method is em-
ployed. Chemical bonds are modelled as elastic beam elements
where the elastic parameters are derived from the energy approach
employed by Li and Chou. This method is subsequently used to
model the properties of both hollow and solid cylinders (Papanikos
et al., 2008).
2.2.1. Summary
The literature studied shows that it is possible to accurately
model one or more aspects of atomic scale behaviour in a compu-
tationally inexpensive and robust manner by using the ﬁnite ele-
ment method, however it should be noted that the ﬁnite element
analysis of atomistic scale structures is heavily dependent on input
data which characterise the material and deﬁne the structure, and
a beam approximation is then derived from these data. For these
reasons, it can be seen as a rapid and cost-effective modelling tech-
nique but is still dependent on data from experiment or conven-
tional atomistic modelling.
2.3. Framework structures
Framework structures are widely used in aerospace, maritime
and automotive applications. The concept of a framework structure
where the Poisson’s ratio can be tailored according to the geometry
has been previously explored, using networks of contra-rotatingFig. 1. The component beams of the structure (left to righsquares (Grima et al., 2005b) and the truss structure of Sigmund
(1995). Framework structures where compressibility can be varied
have also been considered (Grima et al., 2008). Other common aux-
etic networks are sandwich panel cores, including chiral (Masters
and Evans, 1996; Prall and Lakes, 1997) and re-entrant (Lakes,
1987) honeycombs.
The development of novel truss structures has been greatly aided
by new and innovative manufacturing techniques, such as additive
layermanufacturing, that allow complex geometries to bemanufac-
turedquickly andcheaply. Truss structureshavebeenmanufactured
with beams as small as 50 lm (Wicks and Hutchinson, 2001). The
advantages of having a truss structure over a conventional honey-
comb structure in a sandwich panel include a higher strength to
weight ratio, the ability to easily tailor the properties of the panel
and, in the case of an auxetic structure, the possibility of synclastic
curvature. Wicks and Hutchinson investigate an octet truss panel
(based on the patent of Fuller, 1961) comprising solid members,
and compare this with a honeycomb panel of the same compressive
strength. The truss structure is shown to have a superior strength to
weight ratio.
Deshpande et al. (2001) compare (analytically) the Young’s
modulus and uniaxial strength of the octet truss to that of metallic
foams. At lower relative densities it is found to be around order of
magnitude stiffer for the same mass of material. These results were
subsequently veriﬁed experimentally (Chiras et al., 2002).
The structure employed in this work is similar to the octet truss
of Fuller, the truss structure of Queheillalt and Wadley (2005a),
Queheillalt and Wadley (2005b) and the re-entrant structure of
Doyoyo and Jong (2006); however, these works do not consider
the Poisson’s ratio of such structures.3. Methodology
3.1. Unit cell geometry
The structure is characterised by having three discrete beam
types to model bonds in a crystal structure. For simplicity, these
will be referred to as type I, type II and type III beams, representing
the ﬁrst, second and third nearest neighbour interactions in a sim-
ple cubic crystal (shown left to right in Fig. 1). The stiffness of each
classiﬁcation of beam can be varied by changing the Young’s mod-
ulus of the beams and thus the relationship between the stiffnesses
of the type I, II and III beams can be altered. The stiffnesses were
varied from 1 to 9000 arbitrary units. The relative stiffnesses of
the beams control the deformation of the structure, and govern
the resulting Poisson’s ratio, shear modulus and compressive mod-
ulus. The structure is scale independent and thus the units of force,
modulus and length are speciﬁed as relative, rather than absolute
values. The dimensions of the type one beams were speciﬁed as
a length of 10, and a circular cross-section of 0.3.
Abaqus 6.8 (Dassault, 2008) was used to perform the ﬁnite-ele-
ment analysis. Beams were modelled as B31 type linear beamt) type I, type II, type III and the assembled structure.
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several orders of magnitude.
3.2. Representative volume element
For this study a Representative Volume Element (RVE) was cho-
sen as the unit cell. Whilst not the primitive cell of the reciprocal
lattice, this structure was chosen as it is the smallest unit cell that
encompasses the unit cell shown by Baughman et al. (1998). This
RVE cell is subsequently veriﬁed against a larger lattice structure.
The RVE model enabled rapid generation and analysis of a large
number of models at a comparatively low computational expense,
as well as a simple way of visualising the deformation mechanism
of the structures.
3.3. Panel model
An array of 10 10 2 RVE unit cells was constructed to repre-
sent a sandwich panel core style structure. Not only did this serve
as a veriﬁcation of the RVE model, but also showed how the RVE
could be used in a sandwich panel or space-frame structure. Having
a large array also simpliﬁed the boundary conditions required for
shear deformation, as periodicity and edge effects could be
disregarded.
3.4. Loading conditions
As hinted by Baughman et al. (1998) and later conﬁrmed by Ting
and Chen (2005), the most frequent direction for cubic crystals toFig. 2. Deformed shape of the RVE model showing (left to right) Poisson’s ratio of 1,
0 and 1 for strains in the [110] direction (where load direction is perpendicular to
page).
Fig. 3. Poisson’s ratio of structure for all considered cases, for strains in the [11exhibit negative Poisson’s ratio behaviour is in-plane, for loads in
the [110] direction, thus the structures under consideration were
subjected to a known displacement in the [110] direction and the
deformations in plane were measured such that Poisson’s ratio of
the structure could be found. For the panel models, the structures
are displaced at the nodes along the ﬂat faces, and the Poisson’s ra-
tio calculated in plane. For comparison the structures were also
loaded in the [100] direction (the RVE being oriented at 45 to
the models in the (110) plane). Shear deformations were applied
to the ﬂat faces of the panel model in both cases.
3.5. Calculation of properties
3.5.1. Poisson’s ratio
Poisson’s ratios were calculated for deformations in both the
[100] and [110] direction. The behaviour was assumed to be linear
elastic, and engineering strains were calculated. Data were taken
from both the RVE and panel model for comparison. When calcu-
lating the Poisson’s ratio in the (100) plane, the computed strains
were those in the [100] (load) direction and the [010] in plane,
perpendicular direction. For loading in the [110] orientation,
strains used were those in the [110] direction and the in-plane
perpendicular ½110 direction.
Loads were applied to edge nodes as a ﬁxed displacement.
Nodes were free to translate in the corresponding orthogonal
directions to avoid over constraining the structures. The perpen-
dicular displacements were recorded at the edge nodes of the
structure.
3.5.2. Tensile and shear moduli
The tensile and shear moduli were calculated from the panel
model (rather than the RVE) to avoid including periodicity into
the analysis. When calculating the moduli for cases where one,
two, or three types of beam are dominant the stiffness value of
the dominant beams is the maximum value of 9000, and the result-
ing moduli of the structure are of the same arbitrary units. Whilst
it may seem more sensible to normalise the values with respect to
this maximum, this would not allow comparison for values where
the dominant class of beam does not have the maximum stiffness
value.4. Results
We present a general overview of the Poisson’s ratio trends
exhibited by the structure when loaded in the [110] direction.0] direction. Horizontal axes show normalised comparative beam stiffness.
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within the structure in order to characterise the speciﬁc role of
each beam type on the Poisson’s ratio, tensile and shear
modulus. Comparisons are then made between the behaviour
of the structure in the auxetic and non-auxetic [100] load
directions. Data for the Poisson’s ratio was taken from the RVE
model, and subsequently veriﬁed against data from the panel
model. Data for the elastic moduli were taken from the panel
model.1
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Fig. 4. Two-dimensional sections of Fig. 3 showing Poisson’s ratio of structure for cases w
Type II structure. (b) Type I/Type III structure. (c) Type II/Type III structure.4.1. RVE
Analysis of the RVE model allows the deformation mechanism
to be observed in detail. The deformation behaviour in these struc-
tures results from ﬂexure of the beams in the structure (see Fig. 2).
The in-plane Poisson’s ratio for structures with all considered rel-
ative component beam stiffnesses is shown in Fig. 3.
Fig. 3 shows values for Poisson’s ratio for all combinations of
beam stiffnesses where the stiffness of the type I, II and III are4 5 6 7 8
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 / E type III
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of beam stiffnesses normalised with respect to the stiffness of the
type three component.
Each type of beam structure can be seen to have a differing
deformation mechanism resulting in a differing Poisson’s ratio.
The inﬂuence of type I beams on the deformation of the structure
is to give a Poisson’s ratio of +1, the upper bound for in-plane
strains for a type I structure. Deformation of type II structures
gives a Poisson’s ratio of around zero when strained in the[110] direction. The deformation mechanism of the structures
where type III beams are dominant gives a Poisson’s ratio of
1, as shown to be the lower limit by Baughman et al. (1998)
(for an in-depth discussion of Poisson’s ratio bounds in the
cubic crystal system see Ting and Chen, 2005). The in-plane neg-
ative Poisson’s ratio has an associated out of plane positive
Poisson’s ratio deformation. Increasing the stiffness of type I
and II beams will reduce this effect as the structure becomes
stiffer.
1474 T.P. Hughes et al. / International Journal of Solids and Structures 47 (2010) 1469–14764.2. Panel model
The panel model shows how the representative volume element
can be positioned, as would be employed in a sandwich panel or
generic truss structure. The Poisson’s ratio, relative shear modulus
and relative Young’s modulus of the structure are shown in Figs. 3–
6. Absolute values are not given as these are conditional on the par-
ent material of the structure and manufacturing techniques
employed.
Each substructure has a differing deformation mechanism un-
der tensile load, thus by varying the relationship of the compo-
nent beam stiffnesses it is possible to vary the Poisson’s ratio of
the whole structure. If it is assumed that once the stiffness of
one type of beams is considerably lower than that of the other
components its inﬂuence on the deformation mechanism can be
ignored then seven discrete types of substructure can be
identiﬁed:450
400
350
300
250
200
150
100
50
0
0 1 2 3 4
E type I /
0 1 2 3 4
E type I /
0 1 2 3 4
E type Il 
C
om
pa
ra
tiv
e 
sh
ea
r m
od
ul
us
300
250
200
150
100
50
0
C
om
pa
ra
tiv
e 
sh
ea
r m
od
ul
us
200
180
160
140
120
100
80
60
40
20
0
C
om
pa
ra
tiv
e 
sh
ea
r m
od
ul
us
(a) Type
(b) Type
(c) Type
Fig. 6. Shear modulus of structure for cases where two types of beams are dominant. (a Structures comprising only type I, type II, or type III beams.
 Structures comprising type I and II, I and III, or II and III beams.
 Structures where all types of beams have an inﬂuence on the
deformation mechanism.
By considering each of the substructures independently it is
then possible to analyse the effect that each type of beams has
on not only the deformation mechanism and resulting Poisson’s ra-
tio of the structure but also on the tensile strength and shear mod-
uli of the combined structure. Thus it should be possible to
calculate the required material properties to manufacture a struc-
ture with a desired Poisson’s ratio, shear and tensile modulus.
4.2.1. Poisson’s ratio
Considering the structures where two types of beam are domi-
nant, trends can be observed corresponding to the relative (thus
dimensionless) stiffnesses of the component beams, as one beam5 6 7 8 9
 E type II
5 6 7 8 9 10
 E type III
5 6 7 8 9 10
/ E type III
I/Type II
I/Type III
II/Type III
) Type I/Type II structure. (b) Type I/Type III structure. (c) Type II/Type III structure.
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of these substructures is shown in Fig. 4. It can be seen that the
trend of these substructures echoes that of the three component
beam structure; a type III dominated structure exhibits a negative
Poisson’s ratio, type II a Poisson’s ratio of around zero and type I a
positive Poisson’s ratio.4.2.2. Tensile modulus
A comparison of the maximum tensile moduli of the structures
where two types of beams govern the deformation shows that the
maximum value for tensile modulus is found in the type I/type II
structure with a comparative modulus of 610, the type I/type III
has a comparative modulus of 395 and the type II/type III structure
a comparative modulus of 561. This shows that the inclusion of
type II beams in the structure leads to an increase in the relative
stiffness of the structure at the expense of auxeticity.
Considering each substructure in detail, the inﬂuence of each
individual type of beam can be observed. Fig. 5 shows the affect
on tensile modulus of varying the component beam stiffness for
a type I and II; type I and III; and type II and III structure.
Fig. 5(a) shows that for a ﬁxed value of type II beams, increasing
the stiffness of the type I beams by a factor of nine has the effect of
approximately doubling the modulus of the structure. For a ﬁxed
value of type I beams, the effect of varying the type II beams by
a factor of two is to approximately double the stiffness of the struc-
ture. As the initial value of the type I beam increases, this effect is
reduced slightly.
A type I/type III structure (see Fig. 5(b)) shows a similar trend.
The lower modulus for values where the only one type of beam
is present should be noted, as the solely type III beam structure
is far less stiff than one comprising type II beams alone. Also, for
the type I/type III structure, overall stiffness of the structure is
far lower, highlighting the compromise that must be reached when
a negative Poisson’s ratio structure is sought.
The type II/type III structure (see Fig. 5(c)) shows that for a low
value of type II beams, increasing the stiffness of the type III beams
has little effect on the overall modulus of the structure.4.2.3. Shear modulus
As with the tensile modulus, the maximum shear modulus of
383 is found in the type I/type II structure, for a type I/type III
structure Gmax ¼ 276 and for a type II/type III structure
Gmax ¼ 175 (see Fig. 6). Considering each substructure indepen-
dently, we see that for a type I/type II structure the trend for shear
is very similar to that seen in tension, at low values of type II
beams, increasing the stiffness of type II beams by a factor of nineTable 1
Comparative (dimensionless) values for tensile and shear modulus, and Poisson’s
ratio for maximum component beam stiffness.
Structure Tensile modulus Shear modulus Poisson’s ratio
[100] direction
Type I 583 1.8 0
Type II 397 192 0.26
Type III 3.25 5 0.33
Type I/II 1078 310 0.14
Type I/III 711 224 0.12
Type II/III 413 263 0.29
Type I/II/III 1135 673 0.17
[110] direction
Type I 2.5 42 0.9
Type II 415 152 0.01
Type III 177 5 0.95
Type I/II 610 383 0.4
Type I/III 395 276 0.5
Type II/III 561 175 0.2
Type I/II/III 905 453 0.12increases the global stiffness by a factor of around 2. For a type I/
type III structure, and type II/type III structures it should be again
noted that the inﬂuence of the type II beams on the global modulus
is much higher than that of the type I beams.
4.3. Comparison with [100] axis
All previous data have been reported for the structure strained
in the [110] direction. For comparison, the structure was loaded in
the [100] direction. Comparisons can then be drawn between the
structure when loaded in the extremal Poisson’s ratio, and the ‘ﬂat’
directions.
4.3.1. Poisson’s ratio
The Poisson’s ratio for seven asymptotic structures is shown in
Table 1. It can be seen that the Poisson’s ratio varies from around
zero to around 0.33, but is always positive in all cases.
4.3.2. Tensile and shear behaviour
The tensile moduli of the structures in the revised orientation
shows the same general trend as in the [110] direction, however
it should be noted that by rotating the unit cell, the orientation
of type I beams in the [100] direction means they are now loaded
in the same axis as type II beams were in the [110] direction (and
conversely the orientation of type II beams means that they now
are loaded in the manner that type I were in the previous orienta-
tion). It should be noted the ﬂexural behaviour differs slightly due
to the change in relative beam lengths.
4.4. Summary of results
The ﬁrst thing to notice in Table 1 is the increase in global stiff-
ness of the substructure by combination of two types of beams.
The second aspect is that while strains for [100] direction never
result in a negative Poisson’s ratio behaviour, deformations in the
[110] direction give negative Poisson’s ratio in cases where type
III beams dominate.
The third point is that compromises can be reached where the
structure is able to demonstrate negative Poisson’s ratio by a com-
bination of type II and type III beams whilst maintaining a compar-
atively high tensile and shear modulus.
5. Conclusion
In this work we have shown that a structure made up of a net-
work of bending beams can exhibit a negative Poisson’s ratio. We
have shown that the negative Poisson’s ratio behaviour is driven
by the (bcc analogous) type III beams, the type II (fcc like) beams
result in a structure with a Poisson’s ratio of around zero and type
I (simple cubic conﬁguration) beams result in a Poisson’s ratio of
around +1. The tensile and shear moduli of the type III beams
can be augmented by addition of type II and type III beams. By tai-
loring the relative stiffness of the component beams within the
structure it is possible to design an auxetic truss structure with a
speciﬁc Poisson’s ratio, shear modulus and tensile modulus.
Having shown this methodology can be used to model cubic
structures, hexagonally closed packed structures will be studied
with the hope of devising a structure which exhibits synclastic
curvature.
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